Abstract Annual monitoring of the benthic fauna living at the Frisian Front (southern North Sea) has shown a tenfold decrease in the dominant brittlestar Amphiura filiformis in 1993-1995. In search of evidence that this decline was caused by a change in benthic food supply, we analysed variations in the shell growth of the bivalve Mya truncata from the Frisian Front during the period of interest. For this purpose, the widths of the internal growth bands in the chondrophore of M. truncata were standardised and assigned to calendar years. Averaging the yearly band width in the period 1985-2000 among 25 individuals revealed low growth rates in 1986 and 1992. Growth of M. truncata quickly recovered after 1992, while A. filiformis densities remained at low levels. Moreover, the 1986 dip in M. truncata growth had no equivalent in A. filiformis density. We conclude that there is no direct coupling between fluctuations in density of A. filiformis and variations in growth of M. truncata. The data we collected during this study on the size and spatial distribution of M. truncata are discussed in the light of plans for the protection and conservation of long-lived benthic organisms in the North Sea.
Introduction
The southern North Sea is one of the world's most exploited shelf seas. A number of activities, such as the intensive beam trawl fishery and oil and gas exploitation, and river inputs form potential threats to the ecosystem health and biodiversity. Because of concern about degradation and impoverishment of the benthic ecosystem, the Ministry of Public Works and Transport initiated a macrobenthos monitoring programme in the Dutch continental sector, which started in the early 1990s. Results of this programme have been published in a series of annual reports (see references in Daan and Mulder 2001) .
One of the monitoring stations is situated in the Frisian Front ( Fig. 1) , which separates the summer-stratified watermasses in the Oyster Ground and the permanently mixed waters in the Southern Bight (Tomczak and Goedecke 1964) . Since the early 1980s this frontal zone has been the subject of a series of studies, the earliest of which described the enrichment of benthic fauna in the vicinity of the front and the conspicuous zonation in feeding types (Creutzberg et al. 1984) . Subsequent studies showed that, during a large part of the year, the water column over the enriched zone was characterised by elevated chlorophyll-a concentrations (Creutzberg 1985; Cramer 1991) . The locally enhanced deposition of fresh phytodetritus was seen as explanation for the high biomass and high densities, notably of interface-feeding organisms like the dominant brittle star Amphiura filiformis.
A recent comparison of the macrobenthic fauna living in the Frisian Front area between 1980 and 2000 showed that conspicuous numerical shifts have occurred among the keystone species, in particular A. filiformis and ghost shrimps (Callianassa, Upogebia) (Amaro et al., in preparation). A. filiformis populations often can be stable for long periods (O'Connor et al. 1983 ). In the case of the Frisian Front population, a 12-year period with stable densities of~1,500 ind m 2 (Duineveld and Van Noort 1986) was followed by a period of decrease starting in 1993 and continuing until 1995, whereafter numbers have remained more or less constant at a level of one order of magnitude lower (details in Amaro et al. in prep) . One hypothesis for the observed shift is a change in food availability. As interface and suspension-feeder A. filiformis is directly dependent on a vertical supply of food particles and thus primary production in contrast to subsurface feeders can sustain on more refractory carbon present in deeper sediment layers. However, we do not have long term data on the benthic food supply at the Frisian Front, or on primary production.
One way to reconstruct whether the benthic food supply changed in the period when A. filiformis declined is to study the growth records deposited in the shells of suspension-feeding bivalves living at the Frisian Front. By analogy with tree rings, various authors have used growth band patterns in skeletons of bivalves and corals to reconstruct chronological records of marine environmental changes (e.g. Lutz 1976; Brousseau and Baglivo 1987; Jones et al. 1989; Nakaoka 1994; Witbaard et al. 1997) . We selected Mya truncata for this purpose because it can reach a maximum age of 40 years and because adults live deep in the sediment where they are protected from direct fishing disturbance (Hewitt and Dale 1984) . Arctica islandica, which is also part of the local community, has a more complicated growth band pattern because it can reach a much older age (over 100 years) and, moreover, is more exposed to damage and disturbance by beam trawl fishery (Witbaard and Klein 1994) .
While analysing the growth of M. truncata from the Frisian Front we specifically searched for a common pattern among individuals during the period when A. filiformis densities drastically decreased. We discuss our findings on M. truncata in the light of available literature data on environmental changes in the southern North Sea during the period of interest. In addition to the growth data on M. truncata we report new information on its distribution in the Dutch sector.
Methods

Site description
The study area is located in the southern North Sea and is characterised by a south to north increase in depth (20-50 m) and a decrease of maximum tidal velocity (1.8-0.7 knots). These factors contribute to a gradual south to north transition from coarse to fine sediment and to the occurrence of mud in the northern part of the area. At approximately 53 30 0 N, current velocities drop below a threshold value allowing (semi-)permanent deposition of mud and detritus, as well as the generation of summer stratification north of this latitude. A tidal front separates the mixed waters in the south from the summer-stratified waters in the north (Creutzberg et al. 1984) . Just north of this boundary, between the 30 m and 40 m isobaths, there is a muddy zone (Frisian Front in Fig. 1 ) with high sediment concentrations of organic carbon (0.4%) and algae pigments, and a high macrofauna biomass ). This enrichment is probably related to the persistent chlorophyll-a maximum in the vicinity of the 30 m isobath (Creutzberg 1985) .
Species description
M. truncata has a wide, circumboreal distribution. It is a key species in food webs in arctic habitats (Welch et al. 1992) . In Europe, M. truncata is common along the entire coastline of the United Kingdom and Ireland, and down further south to Biscay (Willmann 1989; Ballerstedt 2001) . According to literature records, M. truncata does not have a special preference for sediment type. It has been found in sand, sandy mud and gravel from the lower shore down to about 70 m depth. . Bivalves with a length >10 mm are retained by the dredge. Intact and damaged specimens, as well as cut-off siphons were counted for density estimates. A total of 25 intact shells from this collection were selected for age and growth analysis. These specimens were without any shell damage or visible growth disruption in the valve or chondrophore.
Chronology of growth variations
Internal growth bands were measured in acetate peels made of cross sections of the left valve in accordance with MacDonald and Thomas (1980) and Hewitt and Dale (1984) who studied growth in the related Mya arenaria and arctic M. truncata, respectively. We used the growth band pattern in the chondrophore since this part of the Mya shell yields the most distinct bands. Left-hand valves were embedded in epoxy resin (Polypox, THV 500, harder 125) and sectioned with a diamond saw along a line through the hinge tooth to the point of maximum extension (Fig. 2) . The cross-sections were ground, polished and etched, and the micro-relief transferred to an acetate sheet (Ropes 1985) . Each acetate peel was photographed in parts with a digital camera mounted on a microscope. A composite image of the peel was prepared in Microsoft PowerPoint and printed as hard copy. The widths of the growth bands were measured on the hard copy with a calliper and converted to actual shell dimensions. As all shells were collected alive in autumn 2000, each growth band could be assigned to the specific year in which it was formed by counting back from the shell margin. Band widths in the composite image were measured independently by two people. Disagreement between the two measurements was invariably due to either growth bands delimited by several closely grouped lines of which it was difficult to assess which one represented the annual growth stop, or progressively narrowing bands near the edge of the chondrophore making it difficult to distinguish one band from another. In such cases both readings were retained for later analysis (see below).
To be able to compare growth in a specific year in individuals of different ages, growth (band widths) had to be standardised because the growth rate of M. truncata, as for most organisms, declines with age. This ontogenetic growth trend was removed by substituting absolute band widths by an index of relative growth, viz. the logtransformed ratio between the observed and the expected band width (Cook et al. 1990 ). The expected width in a particular year was derived from a fitted growth model. To determine which growth model was most efficient in removing the ontogenetic trend in M. truncata, we tried the following five commonly used growth functions (see Sager and Sammler 1983) :
von Bertalanffy:
where L t is the size at time t; L 0 is the size at t=0; L 1 is the maximum size; k and k * determine the rate at which maximum size is approached; L a is length at t=t 0 . Our choice of a suitable growth function was only led by the best least squares fit and not by any inferences about the biological meaning of the models.
The series of index values was plotted using PAST32 software (SCIEM) in order to check the correspondence between replicate measurements of one shell and between different shells. Correspondence was calculated as "Gleichläufigkeit" (Schweingruber 1989) , i.e. the number of similar growth rate changes in two measurement series expressed as a percentage of the total number of years that two series have in common. We used "Gleichläu-figkeit" values to search for outliers and, in case of incongruous replicate readings, to decide which one fitted the overall pattern best.
Results
Distribution and size of M. truncata
The distribution of M. truncata in the Dutch Sector of the North Sea is shown in Fig. 3 . So far it has only been found 
The sediment in the Oyster Ground consists of muddy sand with the amount of mud (<64 mm) varying between 5% and 25%. The highest densities of M. truncata in our samples, viz. >50 ind 100 m 2 , appear to be concentrated in a narrow band running SW to NE along the Frisian Front. This band more or less coincides with the highest percentages of mud (Pearson r mud-Mya =0.71, P<0.001). M. truncata appears to be absent from the shallower (<30 m) Southern Bight where clean sandy sediments (mud <5%) and higher tidal current speeds prevail. Due to the combination of current speed and depth, the Southern Bight remains mixed throughout the year whereas the water column in the Oyster Ground becomes stratified during summer. As a consequence, the maximum bottom water temperatures in the Oyster Ground are lower than in the Southern Bight (Tomczak and Goedecke 1964) . Figure 4 shows the size frequency distribution of all M. truncata specimens caught (n=162) with the Triple-D dredge in the Dutch Sector over the period 1998-2000. Remarkably, individuals <50 mm have almost never been caught with the Triple-D in spite of the fact that bivalves >10 mm are retained in the dredge (Bergman and van Santbrink 1994) . The yearly monitoring of the benthic fauna in the Dutch continental sector (Daan and Mulder 2001) using a boxcorer and 1 mm sieve has also not yielded any M. truncata between 0.5 and 4 cm (R. Daan, personal communication).
Growth bands
Acetate peels of cross sections of the valve and chondrophore of M. truncata revealed distinct microgrowth bands composed of a dark line (growth stop) delimiting increments of variable width (Fig. 5) . Given that the growth bands are formed annually, we estimated the ages of the 25 specimens studied to vary between 13 and 28 years (Fig. 6) . After measuring the growth band widths in the chondrophore of each specimen, we made a plot of the cumulative chondrophore length versus age. By averaging the lengths at each age we obtained the curve shown in Fig. 7 . This shows a more or less smooth transition from rapid growth to a phase of slow growth as is also found in arctic M. truncata (Hewitt and Dale 1984) . The increase in the standard deviations of the mean with age in Fig. 7 is due to the decreasing number of data points and the increasing absolute size.
Of the five growth models used, Bolzman's growth function yielded the lowest sums of squares on average (Table 1 ) and, moreover, the residuals showed no consistent trend (Fig. 8 ). An example of Bolzman's function fitted to the cumulative chondrophore length of one M. truncata is given in Fig. 7 . Using the fitted values, we calculated expected growth and subsequently the standardised index for each year. This ultimately gave 25 series of index values of variable length belonging to the 25 individuals. The ages in each series were then In 1988 and , index values were positive, i.e. growth was higher than expected with a tendency to decrease. In 1990, growth dropped below expected values and remained so until 1994. The largest negative deviation was found in 1992. The non-overlapping notches around the box plots in Fig. 9 show that growth in 1992 was significantly lower than in 1988, and this was confirmed by a t-test (t=5.679, df=54.9, P<0.0001). The same is true for the difference between 1989 and 1992 (t=5.164, df=48.7, P<0.0001) . It is worth noting that from 1992 onwards growth rates increased again, attaining above expected values by the mid 1990s. In subsequent years the variation became too large to allow any meaningful statistical comparison.
Discussion
The reason for undertaking this study on the growth of M. truncata at the Frisian Front was the dramatic decline in the dominant ophiuroid A. filiformis in 1993. The dense A. filifornis zone that was present throughout the period 1980-1992 was regarded as typical for-and coupled with-the organic enrichment of the Frisian Front. The enrichment of the frontal zone has been demonstrated in various studies in the form of high sediment respiration rates, elevated chlorophyll-a levels in the water column and sediment, and high biomass values of many taxa, viz. invertebrates, demersal fish, pelagic organisms, hyperbenthos, seabirds (Creutzberg 1985; Cramer 1991; de Gee et al. 1991) . A similar association between enhanced input from a pelagic front and the abundance of A. filiformis has been found in the Skagerrak (Josefson and Conley 1997) , Fig. 7 Chondrophore length versus age in M. truncata. Means (solid squares) and SD (bars) are calculated from 25 series of cumulative band widths versus age. To illustrate the pattern, a line (Bolzman's function) was fitted through the means Table 1 Mean and standard deviation (SD) of the residual sum of squares obtained after fitting five different models to the cumulative hinge growth of Mya truncata (see Fig. 8 while on the west coast of Ireland high A. filiformis densities are associated with a gyre concentrating food (O'Connor et al. 1983) . In view of the close link between dense A. filiformis occurrences and enhanced food input, the first hypothesis to explain the A. filiformis crash at the Frisian Front involved benthic food conditions. Direct measurement of benthic food supply at offshore turbulent sites requires scarce resources, i.e. ship time and special instruments (Duineveld and Boon 2002) . Growth records deposited in bivalve shells like M. truncata can offer a simple alternative as the organisms integrate conditions over relevant timescales and, moreover, allow retrospective analyses (Richardson 2001) .
The standardised growth record of M. truncata at the Frisian Front (Fig. 9) shows that, during the period 1991-1993, growth was below expected values, with 1992 being the year with the lowest average growth index. A. filiformis densities were still at a normal high level in spring 1992 (~1,500 ind m 2 ), but in the subsequent campaign of spring 1993 densities were below 1,000 ind m 2 for the first time in a decade (details in Amaro et al., in preparation). A. filiformis density continued to decrease in 1994 and remained at a low level in subsequent years whereas, the growth index of M. truncata showed an increase again from 1995 onwards (Fig. 9) . So, at first sight, there seems to be no direct correlation between the two events. Hypothetically, however, enhanced mortality of A. filiformis in 1993 could have been caused by a depressed food supply in preceding year(s) deteriorating the condition of the brittlestars. Nilsson (1999) showed that arm regeneration in A. filiformis depends on food supply. With the many A. filiformis in the Frisian Front population having one or more arms cropped by flatfish (Duineveld and Van Noort 1986) , food shortage could lead to sustained loss of function and ultimately increased mortality. Assuming that the dip in M. truncata growth in 1992 represents a food shortage, it remains questionable whether the shortage would have been severe enough to have such a dramatic effect on A. filiformis. Figure 9 shows that the growth record of M. truncata contains another dip in 1986 which is as deep as the 1992 one. However, A. filiformis numbers at the Frisian Front remained high throughout the 1980s. Given this somewhat inconclusive evidence from M. truncata, we have looked for additional data which in one way or another are indicative for the benthic food supply in the period of interest.
Long-term CPR data show that in the late 1980s phytoplankton biomass increased above the long term mean and has remained high since then, notably in winter (Edwards et al. 2002) . Time-series on macrofauna biomass in the North Sea also yield no evidence of a marked drop in the early 1990s. Kröncke et al (1998) reported an increase in macrofauna biomass off the coast of Norderney in 1988 and persistently high levels in the following years. Daan and Mulder (2001) also did not find any marked change in macrofauna biomass in the major subregions of the southern North Sea in the period 1990-2000. In summary, the lack of compelling evidence for a large scale change in food availability in the southern North Sea points at a local factor being responsible for the A. filiformis crash at the front. We do not rule out, however, that food shortage has played a role, taking into account the steep gradient in environmental conditions at the Frisian Front. Forthcoming growth analysis of other suspension feeders, e.g. A. islandica and Dosina lupinus, might produce more solid answers.
Besides a historical growth record of M. truncata, our study yielded new data on the spatial and size distribution of this bivalve species in the southern North Sea. The distribution of M. truncata in the southern North Sea appears to be concentrated round the Oyster Ground (Fig. 3) . According to literature, M. truncata is a boreal species without a distinct sediment preference. Hence, we suppose that its distribution pattern in the southern North Sea is related to maximum temperatures which are lower in the Oyster Ground than in the Southern Bight due to stratification and depth. This does not explain the band of high densities at the muddiest sites of the Frisian Front in Fig. 3 . If sediment is not a relevant factor, the coincidence of highest M. truncata densities and mud percentages could point to a common hydrological factor, i.e. optimal conditions for deposition of both fine particles and of larvae, to locally favourable conditions for survival, or to a combination of both.
Another remarkable finding of our study is the skewed size distribution of the M. truncata that we have collected, and specifically the lack of juveniles in the 1-4 cm size class. The cause for this skew is unknown, but could be infrequent larval supply and/or high juvenile mortality. It is striking that the other large and long-living bivalve in the southern North Sea, A. islandica, displays the same type of size distribution (Witbaard and Bergman 2003) . Comparing different North Sea A. islandica populations, these authors state that the skewed size distribution of A. islandica at the Frisian Front is atypical, and probably due to bottom trawling. They further argue that the Frisian Front stock is unlikely to form a sustainable population if fishing pressure continues. We could not find data on M. truncata from less heavily fished regions to compare with, but we do point to the possibility of fishing being responsible for the peculiar size structure, since juvenile M. truncata are more likely to be exposed to trawl damage than deeply buried, older animals. In any case, the low adult density resulting from the presently poor recruitment rate may form an obstacle for successful fertilisation (Metaxas et al. 2002) and thus self-sustenance. Therefore, the occurrence of M. truncata, and possibly A. islandica as well, at the Frisian Front will, or has already, become dependent on the influx of pelagic larvae transported with UK coastal water.
Large and long-lived benthic organisms such as A. islandica and M. truncata are frequently mentioned in the context of conservation of the southern North Sea biodiversity, and as Ecological Quality ObjectivesEcoQOs (Bisseling et al. 2001) . Success of measures to protect or restore these long-lived benthic species depends on a proper insight into their population dynamics, especially its juvenile phase. The scarcity of relevant data on M. truncata and A. islandica (Witbaard and Bergman 2003) demonstrates that autoecological studies should receive the same support as monitoring studies.
